reductive steps ultimately leading to the generation of elemental selenium (Se 0 Thauera selenatis (a -proteobacterium) is by far the best studied selenate respiring bacterium (5) (6) (7) (8) . The selenate reductase (SerABC) isolated from T. selenatis (6) is a soluble periplasmic enzyme. The enzyme is a type II molybdoenzyme that comprises three subunits, SerA (96 kDa), SerB (40 kDa) and SerC (23 kDa) and co-ordinates molybdenum, heme (b-type) and numerous [Fe-S] centres as prosthetic constituents (9) .
SerABC contributes to proton-motive force (PMF) generation by accepting electrons from a di-heme c-type cytochrome (cytc 4 ), which mediates electron flux from either a quinol-cytochrome c oxidoreductase (QCR) or quinol dehydrogenase (QDH). The use of QCR ensures that selenate reduction is coupled to the Q-cycle mechanism providing a minimum net gain of 2q + /2e -of proton electrochemical gradient (10) .
The resultant product from SerABC is selenite (SeO 3
2-
). The reduction of selenite in T. selenatis does not support growth and is not a respiratory substrate. There has been much debate regarding the mechanisms by which selenite is reduced to selenium in bacterial cells. Early reports by Macy and co-workers (11) implicated a nitrite reductase in the process of selenite reduction, by virtue that a non-specific mutant strain of T. selenatis, which was deficient in nitrite reductase activity, also failed to produce detectable Se 0 upon growth in selenate rich medium. The authors speculated that it was probably a periplasmic nitrite reductase that was responsible for selenite reduction. Selenite reacts readily with thiols following the reactions described by Painter (12) . Glutathione (GSH) is the primary reduced thiol in Escherichia coli and it is now widely believed that it is the prime candidate for bacterial intracellular selenite reduction. Bacteria belonging to the , and groups of the preotobacteria are all abundant in GSH (13) , so the utilisation of GSH for the reduction of selenite during selenate respiration would seem plausible. Selenite reacts readily with GSH producing selenodiglutathione (GS-Se-SG). GS-Se-SG is a good substrate for glutathione reductase and is subsequently reduced to form a selenopersulfide of glutathione (GS-Se -). GS-Se -is unstable and dismutates into elemental Se (Se 0 ) and reduced GSH. The reaction has been studied for the phototrophic -proteobacterium, Rhodospirillum rubrum, where the reduction of selenite by GSH results in the accumulation of Se particles in the cytoplasm (13) . Selenite can also be detoxified by methylation, liberating volatile selenium compounds dimethylselenide and dimethyldiselenide (14, 15) . Recently the S-adenosyl-Lmethionine (SAM) dependent methyltransferase (TehB) from E. coli, which is involved in tellurite resistance, has been shown to be effective in selenium methylation in vitro (16) . It is therefore of interest to investigate the mechanisms by which selenite is detoxified in a true selenate respiring organism. If T.
selenatis utilises an intracellular reductant to detoxify selenite during selenate respiration, then elemental Se would inevitably accumulate within the cell. Consequently, it is considered likely that an export system is required for the secretion of the Se 0 deposits in order to sustain the use of selenate as the sole respiratory substrate. The aim of the present work was to resolve the mechanism by which T. selenatis deposits Se during selenate respiration and has led to the discovery of a novel Se-nanosphere assembly protein.
Results
T. selenatis secretes selenium nanospheres during selenate respiration. When T. selenatis was grown anaerobically using acetate as the carbon substrate and selenate as the sole electron acceptor, growth was accompanied by the formation of a red precipitate as the culture entered stationary phase. Cell samples were taken at time points selected to represent mid exponential phase (t 1 and t 2 ), late exponential phase (t 3 and t 4 ) and early (t 5 ) and late (t 6 ) stationary phase ( Fig 1A) . Samples were analysed using transmission electron microscopy (TEM) (Fig 1B; Fig. S1 ). Cells entering late exponential growth phase (t 4 ) appear to start to accumulate electron-dense Se particles within the cytoplasmic compartment ( Fig 1B) . The particles appear spherical and are approximately 150 nm in diameter, with only one Se-particle per cell. It is also evident that cells during this growth phase start to accumulate granules that appear transparent (Fig 1B) , typical of those normally associated with polyhydroxybutyrate, a product known to form in T. selenatis when growing using acetate as the carbon substrate (5) . As the cells enter stationary phase growth (t 5 -t 6 ), Se particles are observed both inside the cell and in the surrounding medium ( Fig. 1B; Fig. S1 ). No evidence for cell lysis or the accumulation of Se in the periplasmic compartment was obtained. Furthermore, micrographs did not show any evidence of distortion or budding of the outer membrane. Centrifugation of the culture, to remove T. selenatis cells and clumps of selenium deposits, liberated a clear supernatant red in colour, which, when analysed by TEM, was shown to contain isolated selenium nanospheres (Fig 1C) , uniform electron-dense spheres of ~ 150 nm diameter without a surrounding membrane (Fig 1D) .
Secreted protein profile during reduction of selenate and selenite. The spent growth medium containing isolated selenium nanospheres was analysed by SDS-PAGE, to obtain a profile of secreted proteins from T.
selenatis when grown using selenate as the electron acceptor ( Fig. 2A) . A single major protein was observed with an apparent molecular mass of ~95 kDa. In order to investigate whether the ~95 kDa protein was secreted in response to selenite, cultures were grown anaerobically using nitrate as the sole electron acceptor in the presence of sodium selenite (10 mM) and, again, the ~95 kDa protein was detected ( Fig. 2A) . Cultures grown under anaerobic conditions, using nitrate as the electron acceptor, in the absence of selenate/selenite, produced either very little or failed to secrete detectable levels of the ~95 kDa protein. The secretion profile of the ~95 kDa protein was further investigated from cells grown under aerobic conditions in the presence/absence of various oxyanions (Fig. 2B ). When T. selenatis was grown aerobically on LB medium alone, or in the presence of nitrate, the ~95 kDa protein was not detected. Upon the addition of selenate (10 mM) a faint band was resolved at 95 kDa the amount of which increased when the medium was supplemented with 10 mM selenite. The quantity of protein secreted as a function of time following exposure to selenite was also investigated (Fig. 2C) . The amount of the ~95 kDa protein secreted increased for 16, 24 and 40 h post-incubation with 10 mM selenite. To investigate whether or not a threshold level of selenite concentration was needed to induce secretion of the ~95 kDa protein, aerobic cultures of T. selenatis were supplemented with selenite at increasing concentration (0, 0.01, 0.1, 1, 10 mM) and incubated for 24 h.
Culture growth was monitored at OD 600nm to ensure that the presence of selenite did not have a deleterious effect on cell growth. Red elemental selenium was detected in cultures exposed to > 1mM selenite (Fig. 2D) .
Analysis of the secreted protein profile shows that the ~95 kDa protein is only detectable from cultures where the selenite concentration was > 1 mM (Fig. 2D) . ICP analysis detected selenium in purified protein samples, giving calculated molar ratios of ~320:1 selenium to protein. suggesting that secretion from E. coli is not conditional upon Se binding. These data suggest that whilst apoSefA can be secreted from E. coli, a specific export system is required for Se-nanosphere secretion. Analysis of E. coli (pET33b-sefA) to selenite resistance, shows that cells in which SefA is expressed are more resistant to selenite concentrations up to 25 mM than those cells without SefA (Fig. 4D ).
Characterisation
In vitro assembly of selenium nanospheres is facilitated by SefA. rSefA was purified using immobilized nickel affinity chromatography and gel filtration (Fig. S3 ). Purified rSefA was analysed by SDS-PAGE and demonstrated a migration position similar to that of the native protein from T. selenatis (Fig. S3) . The Se particles, as secreted by T. selenatis during selenate respiration and once separated by filtration through the 0.2 M filter, displayed an absorbance peak at 400 nm when analysed by electron absorption spectroscopy.
Consequently, absorbance at 400 nm was used to monitor the formation of Se particles in vitro from the reaction of reduced glutathione (4 mM) with selenite (0.5 mM) in the presence or absence of rSefA. Using molar ratios of glutathione:selenite >4:1 ensured that GS-Se-SG was reduced to GSSeH which readily decomposed to Se 0 (13) . Fig. 4E shows formation of selenium particles as a function of time. Under these conditions, the reaction in the absence of SefA proceeded to give a maximum absorbance of approximately 1 unit and produced a distinct black precipitate in the reaction cuvette. In the presence of SefA, the maximum absorbance was stabilized at 0.5 units and the particles remained in solution giving the typical red/orange colour. TEM analysis of the particle formation under the reaction conditions are shown in Fig. 4F and 4G.
The black precipitate observed in the absence of SefA was visible under TEM as vitreous Se deposits ( Fig   4F) . In the presence of SefA distinct Se-nanospheres were observed with sizes ranging from 20-300 nm ( Fig   4G) .
Discussion
Bacteria that are capable of the respiration of selenium oxyanions have been isolated from a number of selenium rich environments (26, 27 The observation that SefA has no detectable selenite reductase activity would suggest that SefA functions only to bind to, or to stabilise, Se 0 . Since selenate reduction in T. selenatis is periplasmic, the location of the selenite reductive pathway remains unclear. A previous study has suggested that a periplasmic nitrite reductase could be responsible for selenite reduction (11) , however, selenite reductase activity in periplasmic fractions, using reduced methyl viologen as the electron donor, has not been detected. Based upon the present data it is suggested that selenite reduction occurs in the cytoplasm. The reduction to Se 0 could be due to interaction with thiols, possibly GSH, since GSH is abundant in both the -proteobacteria (T. selenatis) and -proteobacteria (E. coli) (12, 13) . GSH is synthesized by sequential actions of -glutamylcysteine synthetase (GshA) and glutathione synthetase (GshB), and homologues for both GshA and GshB have been that the Se-SefA interaction is not via a direct thiol ligand. BSA has also been shown to stabilise nano-Se following reduction by GSH. As BSA is (moderately) soluble in salt solutions it serves well as a carrier for molecules of low water solubility. The non-specific interaction with BSA and Se is thought to stabilise the Se-nanosphere by allowing interactions of its functional groups with water and by sterically avoiding Se aggregation in aqueous solution (42), thus capping the particle surface. It would seem likely that, in the absence of any thiol ligands, SefA would also function as a capping agent, providing reaction sites for the creation of Se-nanospheres and providing a shell to prevent aggregation of the secreted particles.
The involvement of SefA in Se-nanoshpere assembly might have applications pertinent to nanotechnology.
In particular, selenium nanoparticles have excellent bioavailability, high biological activity and relatively low toxicity. Having identified a novel protein that can stabilise Se-nanospheres secreted from T. selenatis, this could, through molecular engineering, enable particles to be produced with structural arrangements that are not only unique, but have yet also to be reproduced by conventional chemical synthesis. The extra-cellular secretion of such nanoparticles from T. selenatis also has distinct benefits when compared to those bacterial systems that display intra-cellular accumulation, and as such the current work could present a new opportunity for the synthesis of novel secreted Se-nanomaterials. digestion for 45 mins at 37°C, followed by phenol/chloroform extractions, isopropanol precipitation and resuspension of the total RNA in nuclease-free water as described above.
Materials and Methods

See
Reverse transcription-PCR (RT-PCR).
For cDNA synthesis, 4 µg of total RNA was mixed with 3 µl of random primers at 3 μg/μl (Invitrogen) and 1 µl of a dNTP mixture at 10 mM each (Promega). After primer annealing at 65°C for 5 mins, a mix of first-strand buffer, DTT, 40 U RNase OUT recombinant RNase inhibitor (Invitrogen), and 200 U Superscript III reverse transcriptase (Invitrogen) was added according to the manufacturer's recommendations. cDNA synthesis was performed at 50°C for 60 min, followed by heat inactivation at 70°C for 15 min. cDNA samples were 10x diluted in water and directly used for PCR amplification. sefA transcript levels were determined using primers sef-fw (CGACTCGAGGGCACCTTCGGTACTGTAAC) and sef-rv (CGCTCTAGACGGAGGTCAGCAGATCATTC). For the adjustment of cDNA amounts, 16S rRNA was used as an internal standard, using primers Ts-16S-RT-1 (GCAGTGAAATGCGTAGAG) and Ts-16S-RT-2 (TGTCAAGGGTAGGTAAGG) for the PCR reaction. As a control for DNA contaminations, PCRs were performed using total RNA without any reverse transcription reaction.
Northern Blot. For northern blotting, 5 μg of total RNA was separated on a 1.5 % formaldehyde agarose gel prior to blotting onto a Hybond-N + membrane by capillary transfer. The sefA transcript was detected by hybridizing the membrane with a DIG-labeled DNA probe at 50°C over night. For amplification of the probe, the PCR DIG probe synthesis kit (Roche) was used with primers sef-fw and sef-rv (see above). The membrane was developed using an anti-digoxigenin antibody and CDP-Star substrate (Roche) according to the manufacturer's recommendations. Chemiluminescent signals were visualized and quantified using a Chemidoc XRS system equipped with the QuantityOne software (BioRad).
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